To clarify functional neural pathways ongl nating from the thalamic nucleus ventralis posterolat eralis (VPL) in humans, the responses of regional CBF (rCBF) and regional CMR02 (rCMR02) to VPL stimula tion were investigated by positron emission tomography in five patients who had undergone chronic implantation of electrodes into the VPL for therapeutic purposes, Measurement of rCBF and rCMR02 under continuous inhalation of CI502 and 1502 by steady-state methods re vealed significant increases of rCBF and rCMR02 in the frontal, postcentral, and thalamic regions, The increases
The quantitative measurement of rCBF and re gional CMR02 (rCMR02) with PET, using contin uous inhalation of 150-labeled gases, has been vali dated (Jones et al., 1976; Subramanyam et al., 1978) and successfully applied to several brain con ditions (Frackowiak et al., 1980; Rhodes et al., 198 1) . In the present study, changes in the topo graphic patterns of rCBF and rCMR02 produced by electrical stimulation of the thalamic sensory relay nucleus, i. e., the thalamic nucleus ventralis pos terolateralis (VPL), were investigated by this tech nique. All subjects had undergone chronic implan tation of electrodes for VPL stimulation in our clinic for treatment of their intractable pain. As has been reported, intermittent chronic VPL stimula tion can relieve certain forms of human pain that are not controlled by conventional treatments (Ho sobuchi et al., 1973; Mazars, 1975; Turnbull et al., 1980; Tsubokawa et al., 1984) . Studies on the topo graphic changes of rCBF and rCMR02 in response to VPL stimulation by PET in these subjects were considered to provide a unique opportunity to map functional neural pathways originating from the VPL of humans. In addition, it was hoped that such research might provide information concerning neural pathways related to the mechanisms of pain relief resulting from VPL stimulation.
METHODS
Five patients with intractable pain due to peripheral deafferentation (three men and two women, all right handed, ranging in age from 45 to 62 years). who did not have any lesions involving supraspinal structures, were investigated. All of the five patients had shown satisfac tory pain control with intermittent chronic VPL stimula tion for periods ranging from I month to 4 years. All had given informed consent for the measurement of rCBF and rCMROz to be made by PET before the study began.
CBF and CMR02 were measured under continuous inha lation of C150z and 150z by steady-state methods. A Headtome II (Shimazu Seisakujo) was used for PET scanning (Kanno et aI. , 1981; Hirose et aI. , 1982) . Three planes, 50 rostral to the orbitomeatal line, were scanned simultaneously at heights above the canthomeatal line of 30 mm (scan width, 18 mm for each). Using standard shadow shields, the spatial resolution was 18 mm full width at half-maximum. The scans were corrected for at tenuation. Ellipse parameters for calculated attenuation correction were obtained prior to the measurement using a transmission scan done with a 68Ga ring source. Average counts per slice was 0. 5 x 107 J.LCi. The prin ciple and mathematical model for the measurement of rCBF and rCMR02 were as described previously (Frack owiak et aI. , 1980) . During the PET scanning procedures. The stimulus intensity applied to the neuronal pool within the VPL, however, may be better represented by the strength of the subjective somatosensory experience.
RESULTS
Before VPL stimulation, no notable abnormality No.6, 1986 was found in either rCBF or rCMR02 in any of the five patients examined. The calculated 95% confi dence limit of the mean for the percentage asym metry index before stimulation was < 19% for rCBF and 24% for rCMR02 in all regions of interest ex cept the superior temporal gyrus. The values were comparable with those published previously (Le brun- Grandie et aI., 1983) . Changes in absolute values for rCBF and rCMR02 in regions in which a significantly local ized increase was seen in some patients are summa rized in Fig. 1 . Among the five patients, one under went VPL stimulation intermittently with param eters (6.0-9.0 V) producing strong paresthesia in the contralateral half of the body (OS in Fig. 1 ). During such stimulation rCBF and rCMR02 of all the cortical as well as subcortical regions of interest investigated were strongly increased; that is, nearly doubled values of rCBF and rCMR02 as compared with resting levels were observed bilaterally. A more conspicuous increase was observed in the frontal, postcentral, supramarginal, and thalamic regions ( Fig. 1) . Although the most remarkable in creases in rCBF and rCMR02 were observed in the postcentral regions of the stimulated hemisphere ( Fig. 1) , neither the percentage increase index nor the percentage asymmetry index during VPL stimu lation indicated any significantly localized increase in rCBF or rCMR02. No localized changes in ox ygen extraction rate were observed in any of the regions of interest investigated. Two other patients underwent VPL stimulation intermittently with parameters (2.0-5.0 V) that produced moderate paresthesia restricted to painful areas within the upper extremity (LS in Fig. 1) . In these cases, while moderate increases in rCBF and rCMR02 were noted in the majority of the cortical as well as the subcortical regions of interest, the most conspicuous increases were observed in frontal, postcentral, and thalamic regions of the stimulated hemisphere (Fig. 1) . The percentage in crease index indicated significantly localized in creases in rCBF and rCMR02 in these regions. Representative examples of CBF2 functional images before and during VPL stimulation are illus trated in Fig. 2 . Changes in CBF and CMR02 of various regions of interest of a representative case during VPL stimulation are summarized in Ta ble 1.
In the frontal region investigated (middle frontal gyrus), an increase in CBF and CMR02 during VPL stimulation was also seen in the contralateral hemi sphere (Figs. 1 and 2) . Thus, the percentage asym metry indexes suggested no significant asymmetry in either rCBF or rCMR02. In contrast, the respec-A tive values were not remarkably increased in the postcentral region of the contralateral hemisphere during VPL stimulation ( Figs. 1 and 2) , so that the percentage asymmetry indexes indicated a clearly significant asymmetry of increases in the rCBF and rCMR02 of the postcentral region during VPL stim ulation in both cases. Increases in rCBF and rCMR02 during VPL stimulation were also ob served, though less markedly, in the thalamic re gion of the contralateral hemisphere (Fig. I) . The percentage asymmetry indexes of the thalamic re gions indicated a significant asymmetry of increase in rCBF and rCMR02 in one patient. No localized changes in oxygen extraction rate were associated with the increases in CBF and CMR02 described above in any of the regions of interest.
The two remaining patients preferred to undergo VPL stimulation intermittently with parameters (0.5-2.0 V) producing faint sensation in painful areas within the upper extremity in one and within the lower extremity in the other (FS in Fig. 1) . In these two patients, the VPL stimulation did not change rCBF or rCMR02 remarkably in any of the cortical or subcortical regions of interest investi gated. The percentage asymmetry indexes sug gested no significant asymmetry.
DISCUSSION
The present study revealed significant increases in rCBF and rCMR02 in frontal, postcentral, and thalamic regions in relation to the magnitude of SUbjective somatosensory experience in response to VPL stimulation. While increases in rCBF and rCMR02 in the postcentral region were clearly pre ponderant in the stimulated hemisphere insofar as the paresthesia in response to the VPL stimulation was moderate and localized, increases in rCBF and rCMR02 in the frontal regions were seen more or less bilaterally. The changes in rCBF and rCMR02 matched each other and were therefore not asso ciated with changes in oxygen extraction rate. These changes in rCBF and rCMR02 seem there fore most probablY to have resulted from contin uous increases in the oxygen demand of the neu ronal pools within each of the brain regions. There is some possibility that part of these changes could have resulted from current spread from the stimula tion site to thalamic nuclei other than the VPL. However, this may not have been the case insofar as the paresthesia was induced within restricted areas of the body in response to the VPL stimula tion, indicating that stimulation was restricted to within the VPL. It is generally accepted that the VPL is a relay nucleus transmitting discriminative, peripheral so matosensory information. Thus, peripheral somato sensory stimulation produces evoked potentials with short latencies within the VPL (Ervin and Mark, 1964; Pagni, 1967; Larson and Sances, 1968) , and stimulation of the VPL produces somatosen sory experience as if peripheral stimuli were being applied. It has been demonstrated that peripheral J Cereh Blood Floit' Metab, Vol. 6, No.6, 1986 somatosensory stimulation increases rCBF and/or regional cerebral metabolic rate for glucose of the frontal regions bilaterally and the postcentral re gions contralaterally in humans (Ingvar et aI., 1975; Kessler et ai. , 1983) and experimental animals (Tsubokawa et ai., 198 1) . This observation suggests that peripheral somatosensory information is trans mitted to these cortical regions. Similar changes in rCBF and rCMR02 observed in the present study indicate that the VPL may relay peripheral somato sensory information that is transmitted to the frontal as well as the postcentral regions.
The VPL sends efferent projections not only to the postcentral gyrus but also to the precentral and superior temporal gyri, and receives afferent pro jections from precentral and postcentral gyri (Crouch and Thompson, 1938; Sakai, 1967) . The results of the present study indicate that the projec tion to the postcentral gyrus is the most powerful one among its efferents. Afferent fibers may have higher thresholds to antidromic activations than the efferent fibers to the postcentral gyrus. On the other hand, direct connections between the VPL and the frontal regions have not been reported. It appears most likely that the response seen bilater ally in the frontal regions to peripheral somatosen sory as well as VPL stimulation is mediated by polysynaptic pathways. The observation in the present study suggests that the VPL may be in volved in polysynaptic neural circuits mediating re sponses in frontal regions previously reported to be induced by peripheral somatosensory stimulation.
The results of the present study provide little in-formation concerning the mechanisms of pain relief by VPL stimulation (see also Aiko et aI. , 1986) . However, it should be noted that pain relief was obtained with stimulation parameters that produced no notable changes in rCBF or rCMR02 in any of the cortical regions of interest in some cases. This finding suggests that pain relief can result from ac tivation of neural circuits that do not involve the cerebral cortex.
